MicroRNAs (miRNAs) have recently come to be viewed as critical players that modulate a number of cellular features in various biological systems including the mature CNS by exerting regulatory control over the stability and translation of mRNAs. Despite considerable evidence for the regulatory functions of miRNAs, the identities of the miRNA species that are involved in the regulation of synaptic transmission and plasticity and the mechanisms by which these miRNAs exert functional roles remain largely unknown. In the present study, the expression of microRNA-188 (miR-188) was found to be upregulated by the induction of long-term potentiation (LTP). The protein level of neuropilin-2 (Nrp-2), one of the possible molecular targets for miR-188, was decreased during LTP induction. We also confirmed that the luciferase activity of the 3Ј-UTR of Nrp-2 was diminished by treatment with a miR-188 oligonucleotide but not with a scrambled miRNA oligonucleotide. Nrp-2 serves as a receptor for semaphorin 3F, which is a negative regulator of spine development and synaptic structure. In addition, miR-188 specifically rescued the reduction in dendritic spine density induced by Nrp-2 expression in hippocampal neurons from rat primary culture. Furthermore, miR-188 counteracted the decrease in the miniature EPSC frequency induced by Nrp-2 expression in hippocampal neurons from rat primary culture. These findings suggest that miR-188 serves to fine-tune synaptic plasticity by regulating Nrp-2 expression.
Introduction
In the CNS, microRNAs (miRNAs) have been shown to regulate development, survival, function and plasticity (Yuste and Bonhoeffer, 2001; Wayman et al., 2008; Vo et al., 2010) . The recognition of targets by miRNAs generally involves the 3Ј-untranslated region (3Ј-UTR) of the mRNA target and the 5Ј end of the miRNA, spanning nucleotides 2-8 of the miRNA (the seed sequence). The limited sequence complementary between a miRNA and its target allows a single miRNA to regulate many mRNA targets (Vo et al., 2010) . Many miRNAs and their precursors, along with the components of the miRNA machinery, exist in synaptic fractions (Lambert et al., 2010) , where they are poised to regulate neurotransmission.
Long-term potentiation (LTP) is a cellular model that mimics long-term memory, requiring protein synthesis (Kotaleski and Blackwell, 2010) . The structural changes in synaptic connectivity that follow the physiological changes in synaptic strength must involve the gene regulatory networks that control synaptic development, maturation and maintenance. miRNAs rapidly and coordinately regulate the stability and translation of sets of mRNAs that mediate specific processes (Kosik, 2006; Guo et al., 2010) , suggesting that miRNAs could possess an important role in homeostatic synaptic plasticity (Cohen et al., 2011) . Despite considerable evidence for the regulatory functions of miRNAs, the identities of the miRNA species that are involved in the regulation of synaptic transmission and plasticity as well as the mechanisms by which these miRNAs exert their functional roles remain largely unknown (Lambert et al., 2010) .
In this study, we investigated the roles and the regulatory mechanisms of miRNAs in the hippocampus during LTP. Through microarray analysis of miRNAs, we found that the expression levels of several miRNAs, including miR-188 were up-regulated in rat hippocampal slices after LTP induction. The target molecules of miR-188 were, in turn, sought bioinformatically by using miRNA-target gene prediction algorithms. Neuropilin-2 (Nrp-2) has a conserved binding site for miR-188 in its 3Ј-UTR (positions 163-183 of the rat 3Ј-UTR; see Fig. 3A) . In this study, we focused on the role of Nrp-2, one of the possible target molecules of miR-188, in synaptic plasticity.
Nrps are 130 -140 kDa single-spanning transmembrane glycoproteins that function as receptors for class 3 semaphorins, polypeptides (Kolodkin et al., 1997; Chen et al., 2000) and members of the vascular endothelial growth factor (VEGF) family. Nrp-2 acts as a receptor for semaphorin-3F (Sema-3F), which induces the repulsion of Nrp-2-expressing neuronal growth cones (Kolodkin et al., 1997; Kruger et al., 2005) , whereas Nrp-1 serves as a receptor for Sema-3A, which induces the collapse of the neuronal growth cone (Gu et al., 2002; Chen et al., 2005) .
In this study, it was found that Nrp-2 overexpression in hippocampal neurons from rat primary culture reduced the frequency of miniature EPSCs (mEPSCs) whereas the overexpression of miR-188 prevented this reduction. Moreover, Nrp-2 overexpression diminished dendritic spine densities, but miR-188 rescued this reduction.
Together, our results suggest that a synaptic activity-regulated miRNA, miR-188, plays an important role in synaptic plasticity by downregulating Nrp-2 expression.
Materials and Methods
Hippocampal slice preparation and LTP induction. All in vivo experiments were performed in accordance with the Guidelines for Animal Experiments set forth by the Ethics Committee of Seoul National University. Acute hippocampal slices were prepared from 4-to 5-week-old (90ϳ110 g) male Sprague Dawley (SD) rat brains. Briefly, brains were rapidly removed and coronal brain slices (400 m) containing hippocampus, were cut on a Vibratome (Leica) in ice-cold artificial CSF (aCSF) [119 mM NaCl, 2.5 mM KCl, 1 mM MgSO 4 , 2.5 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 and 10 mM glucose] that was bubbled with 95% O 2 /5% CO 2 to adjust to pH 7.4. After 1.5 h recovery at 27°C, an individual slice was transferred to a submerged recording chamber and continuously superfused with oxygenated aCSF at a rate of 2.5-3 ml/min at 33 Ϯ 1°C.
LTP was introduced by changing the bath solution to Mg 2ϩ -free aCSF solution containing 1 mM glycine, 1 M strychnine (Sigma-Aldrich) and 100 M picrotoxin (119 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM Glucose, 2.5 mM CaCl 2 , pH 7.4) for 15 min as previously described (Liu and Lachamp, 2006) , then recorded in basal bath solution for 2 h. Electrical stimulation intensity was normalized to the value of basal fiber volley amplitude (FV). Then average responses (mean Ϯ SEM) were expressed as the percentage of basal field EPSP (fEPSP) amplitude.
Electrophysiological recordings. fEPSPs were evoked by constant stimulation of the Schaffer collaterals with a bipolar electrode and were recorded in the stratum radiatum layer of CA1 with a glass micropipette filled with 3 M NaCl (Fig. 1B) . The stimulation intensities were chosen to produce a fEPSP with a slope that was 50 -60% of that obtained with the maximal stimulation. The data were acquired by using an Axopatch 200A amplifier and a Digidata 1200 (Molecular Devices) interface. For AMPAR-mediated mEPSCs, the vector constructs were cotransfected into cultured primary hippocampal neurons with one of the following combinations using CalPhos Mammalian Transfection Kit (Clontech Laboratories): (1) IRES-mGFP control vector alone; (2) Nrp-2-IRES-mGFP vector alone; (3) Nrp-2-IRES-mGFP vector plus miR-188-IRES-DsRed vector; (4) Nrp-2-IRES-mGFP vector plus 100 nM miR-124 oligonucleotide; (5) Nrp-2-IRES-mGFP vector plus 100 nM scrambled miRNA oligonucleotide (miR-SC); (6) miR-188-IRES-DsRed vector alone; or (7) Nrp-2-IRES-mGFP vector plus 100 nM 2Ј-O-Me miR-188 AS oligonucleotide. miR-124 is one of the most abundant miRNAs expressed in the murine brain (Lagos-Quintana et al., 2002), and the 3Ј-UTR of Nrp-2 does not possess binding sites for miR-124. Therefore, miR-124 was used as a negative control for miR-188 in the analyses of dendritic spine density and mEPSCs. The neurons were placed in a recording chamber and continuously superfused (1.5 ml/min) with bath solution (aCSF) containing the following: 127 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 12 mM glucose, 10 mM HEPES, and 0.001 mM tetrodotoxin at pH 7.3-7.4 and 300 -305 mOsm as described previously (Gu et al., 2009 ). The NMDA receptor antagonist D-aminophosphonovalerate (20 M) and GABA A receptor antagonist picrotoxin (100 M) were added to aCSF. The voltage-clamp of whole cells was performed with a MultiClamp 700B amplifier (Molecular Devices). The recording electrodes (8 -10 M⍀) were filled with a solution containing 130 mM CsMeSO4, 8 mM NaCl, 0.5 mM EGTA, 10 mM HEPES, 2 mM MgATP, 10 mM phosphocreatine, 5 mM QX-314, and 0.1 mM NaGTP (adjusted to pH 7.2 with CsOH). The series resistance (10 -30 M⍀) was monitored in all of the experiments. The membrane potential was held at Ϫ70 mV during the recording. The frequency and amplitude of the mEPSCs were analyzed with the Mini Analysis program (Synaptosoft). The noise level was Ͻ5 pA, and 10 pA was usually used as the threshold for mEPSC events. Two minutes of representative mEPSC recordings (300 -400 events) were used to generate the cumulative distribution plot. The statistical comparisons of the synaptic currents were made using the KolmogorovSmirnov test.
MicroRNA microarray analysis. The synthesis of target miRNA probes and hybridization were performed using Agilent's miRNA Labeling Reagent and Hybridization kit (Agilent Technology) according to the manufacturer's instructions. Briefly, each 100 ng of total RNA (including small RNA fraction) was dephosphorylated with ϳ15 U of calf intestine alkaline phosphatase, followed by RNA denaturation with ϳ40% DMSO and 10 min incubation at 100°C. Dephosphorylated RNA were ligated with pCp-Cy3 mononucleotide and purified with MicroBioSpin 6 columns (Bio-Rad). After purification, labeled samples were resuspended with Gene Expression blocking Reagent and Hi-RPM Hybridization buffer, followed by boiling for 5 min at 100°C and chilled for 5 min on ice. Finally, denatured labeled probes were pipetted onto assembled Agilent's miRNA Microarray (15K) and hybridized for 20 h at 55°C with 20 RPM rotating in an Agilent Hybridization oven (Agilent Technology). The hybridized microarrays were washed as described in the manufacturer's washing protocol (Agilent Technology).
Data acquisition and analysis. The hybridized images were scanned using Agilent's DNA microarray scanner and quantified with Feature Extraction Software (Agilent Technology). All data normalization and selection of fold-changed genes were performed using GeneSpringGX 7.3 (Agilent Technology). The averages of normalized ratios were calculated by dividing the average of the normalized signal channel intensity by the average of normalized control channel intensity. Functional annotation of genes was performed according to the Gene Ontology Consortium (www.geneontology.org/index.shtml) by GeneSpringGX 7.3.
MicroRNA target prediction analysis. The target mRNAs of specific miRNAs were predicted by searching on public databases with prediction algorithms, such as MicroCosm (www.ebi.ac.uk/enright-srv/ microcosm/htdocs/targets/v5/).
Cell culture. Human embryonic kidney 293 (HEK 293 cells) were maintained in DMEM containing 10% FBS, 50 U/ml penicillin and 50 g/ml streptomycin at 37°C in a humidified environment of 95% O 2 /5% CO 2 . Hippocampal primary neural cultures were prepared from the hippocampi of E18 -E19 pregnant SD rats by dissociation with 0.25% trypsin and plating onto coverslips coated with poly-L-lysine. The neurons were grown in Neurobasal medium (Invitrogen) supplemented with B27 (Invitrogen), 2 mM GlutaMAX-I supplement (Invitrogen), and 100 g/ml penicillin/streptomycin (Invitrogen) at 37°C in a humidified environment of 95% O 2 /5% CO 2 .
DNA constructs. The Nrp-2 cDNA in the IRES-mGFP vector was a generous gift from Dr. A. L. Kolodkin, The Johns Hopkins University School of Medicine, Baltimore, MD. The 3Ј-UTR of the rat Nrp-2 mRNA (GenBank Accession No. NM_030869) was amplified by PCR from a rat brain cDNA library and subsequently inserted downstream of the Nrp-2 open reading frame, which was confirmed by sequencing. For the luciferase activity assay, the 3Ј-UTR of the rat Nrp2 mRNA was amplified by PCR and then subcloned into the SpeI/MluI cloning site located Figure 1 . Synaptic activity upregulates miR-188 expression. LTP was introduced in acute hippocampal slices by treatment with 1 mM glycine (GLY), 1 M strychnine and 100 M picrotoxin (PTX) in Mg 2ϩ -free aCSF (119 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 ,26mM NaHCO 3 ,10mM Glucose, 2.5 mM CaCl 2 ; pH 7.4) at 25°C. A, The experimental scheme for LTP induction is shown. The time points for collecting hippocampal slices for RNA extraction are indicated (control, LTP-0.5 h, LTP-1 h, LTP-2 h). B, A schematic illustration of the Schaffer collateral pathway in the rat hippocampal circuit that was used in the fEPSP recordings. (C, D) fEPSPs were evoked by constant stimulation in the Schaffer collaterals with a bipolar electrode and were recorded in the stratum radiatum layer of CA1 with a glass micropipette filled with 3 M NaCl. The fEPSP amplitudes were increased to 230.11 Ϯ 37.61% (mean Ϯ SEM, n ϭ 7, filled circles, p ϭ 0.0019) by LTP induction, compared with the basal aCSF solution (99.13 Ϯ 1.54%, n ϭ 6, open circles). The potentiated responses slowly decreased, but throughout the recording period, the cells maintained significantly potentiated responses for Ͼ60 min (126.90 Ϯ 5.69%, n ϭ 7 in LTP vs 90.35 Ϯ 3.97%, n ϭ 6 in control, ***p ϭ 0.00017). The statistical analysis consisted of an independent t test between the control and LTP groups; the data are represented by the mean Ϯ SEM. E, Microarray screening of miRNAs was conducted to investigate the changes in miRNA expression during LTP using an array chip with 2 sets of independent experiment [each set consisted of control (1 h), chem-LTP (0.5 h), chem-LTP(1h),chem-LTP(2h);thecutoffvalueofupregulationordownregulation is ( Figure legend continues.) downstream of the firefly luciferase gene in the pMIR-REPORT miRNA expression vector (Ambion). Point mutations were introduced into a possible miR-188 binding site located in the Nrp2 3Ј-UTR using an inverse PCR (iPCR)-based Site-Directed Mutagenesis Kit (KOD-Plus Mutagenesis Kit, Toyobo). The expression vectors for rno-miR-188 (miRBase Accession No. MI0006134) were prepared by introducing synthesized oligonucleotides corresponding to the precursor miRNA sequences (pre-miRNA) into the pLL3.7-DsRed2. All of the constructs were sequenced using an ABI310 Sequencer. The sequence of miR-188 mimic is 5Ј-CATCCCTTGCATGGTGGAGGG-3Ј; that of miR-SC is 5Ј-CCUCGUGCCGUUCCAUCAGGUAG-3Ј; that of miR-124 mimic is 5Ј-UAAGGCACGCGGUGAAUGCC-3Ј (synthesized based on the sequence of rno miR-124 (miRBase Accession No. MI0000828). The sequence of the antisense 2Ј-O-methyl (2Ј-O-Me) oligonucleotide for miR-188 (2Ј-O-Me-188-AS) is 5Ј-rGrCrUrCrGrCrCrCrUrCrCrArCrC rArUrGrCmAmAmGmGmGmAmUmGrUrGrArGrA-3Ј (r, RNA base; m, 2Ј-O-methyl base).
Luciferase activity assay. HEK293 cells seeded at 3 ϫ 10 5 cells per 6-well plate were cotransfected with one of the following combinations using Lipofectamine 2000 (Invitrogen): (1) wild-type 3Ј-UTR of Nrp-2 in pMIR-REPORT (wt 3ЈUTR of Nrp-2) alone;(2) wt 3Ј-UTR of Nrp-2 plus 40 nM miR-188 oligonucleotide; (3) wt 3Ј-UTR of Nrp-2 plus 80 nM miR-188 oligonucleotide; (4) wt 3Ј-UTR of Nrp-2 plus miR-SC oligonucleotide; (5) mutant type 3Ј-UTR of Nrp-2 in pMIR-REPORT (mt 3Ј-UTR of Nrp-2) alone; (6) mt 3Ј-UTR of Nrp-2 plus 40 nM miR-188 oligonucleotide; (7) mt 3ЈUTR of Nrp-2 plus 80 nM miR-188 oligonucleotide; or (8) mt 3Ј-UTR of Nrp-2 plus miR-SC oligonucleotide. The luciferase activity assays were performed 48 h after transfection using the Luciferase Assay kit (Promega) and were measured with a Centro LB960 reader (Berthold Technologies). The ␤-galactosidase activity was measured to normalize the luciferase activity.
Quantitative real-time RT-PCR. The total RNA including small RNA fraction was extracted, and 0.5 g was processed for cDNA synthesis using oligo(dT) 20 primers and SuperScript III reverse transcriptase (Invitrogen). The cDNA was then amplified on the 7500 Fast Real-Time PCR system (Applied Biosystems), using the ⌬⌬Ct method with SYBR Green I (Roche). The primers used were as follows: Nrp2 forward, 5Ј-AG GCTAACAATGATGCCACC-3Ј; Nrp-2 reverse, 5Ј-GCAACCAAAGAG CTCCAGTC-3Ј; GAPDH forward, 5Ј-ACCACCATGGAGAAGGCT GG-3Ј; GAPDH reverse, 5Ј-CTCAGTATAGCCCAGGATGC-3. To quantify the miRNA expression levels, TaqMan miRNA assay-based quantitative real-time RT-PCR (qRT-PCR; GenoExplorer miRNA qRT-PCR Kit, GenoSensor Corp., AZ) was performed on a 7500 Fast RealTime PCR system, using the ⌬⌬Ct method. ROX was used as an endogenous reference to standardize the miRNA expression levels. All of the data were calibrated by the universal reference data.
Dendritic spine density analysis. Cultured primary hippocampal neurons (DIV 10 -12) were transfected with one of the following combinations: (1) IRES-mGFP control vector alone; (2) Nrp-2-IRES-mGFP vector alone; (3) Nrp-2-IRES-mGFP vector plus miR-188-IRES-DsRed plasmid; (4) Nrp-2-IRES-mGFP vector plus 100 nM miR-124 oligonucleotide; (5) Nrp-2-IRESmGFP vector plus 100 nM miR-SC; (6) miR-188-IRES-DsRed plasmid alone; or (7) IRES-mGFP control vector plus 100 nM 2Ј-O-Me miR-188 AS. The number of dendritic spines was evaluated at DIV 18 -20. The fluorescent images were acquired with an LSM 510 confocal microscope (Carl Zeiss), using the same settings for all of the samples. The spines were counted within the 50 -100 m segments on the secondary dendrites that extended at least 40-80 m beyond the cell body (soma).
Western blotting. For the Western blotting, 30 -50 g of protein was loaded onto denaturing 12-15% SDS-PAGE gels and transferred to PVDF membranes (Millipore). Each membrane was then incubated in 5% skim milk or 5% bovine serum albumin for 1 h at room temperature followed by overnight incubation with appropriate primary antibodies (Nrp-2, 1:2000, Cell Signaling Technology; GAPDH, 1:5000, Santa Cruz Biotechnology). The membrane was then incubated for 1 h at room temperature with anti-rabbit or anti-mouse secondary antibodies conjugated with horse-radish peroxidase (HRP; 1:5000, Invitrogen). The HRP signals were visualized using an enhanced chemiluminescent substrate (Thermo Fisher Scientific).
Statistical analysis. The data are expressed as the means Ϯ SEM. values. A one-way ANOVA and independent t test (SPSS) were used for determining the statistical significance. The results were considered to be statistically significant if p Ͻ 0.05.
Results
Synaptic activity induced by LTP upregulates miR-188 expression LTP was induced in acute hippocampal slices by treatment with 1 mM glycine, 1 M strychnine (Sigma-Aldrich) and 100 M picrotoxin in Mg 2ϩ free aCSF (119 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM Glucose, 2.5 mM CaCl 2 ; pH 7.4) at 25°C (for detailed procedures, see Materials and Methods, Hippocampal slice preparation and LTP induction, and Fig. 1 A) to investigate the changes in miRNA expression profiles during LTP induction.
We first confirmed that LTP was induced by performing basal recordings at the Schaffer Collateral-CA1 synapses (Fig. 1 B) . The fEPSP amplitudes were substantially increased to 230.11 Ϯ 37.61% (mean Ϯ SEM, n ϭ 7, **p ϭ 0.0019) by LTP induction with the reagents (1 mM glycine, 1 M strychnine and 100 M picrotoxin in Mg 2ϩ -free aCSF) but not by the basal aCSF solution (99.13 Ϯ 1.54%, n ϭ 6; Fig. 1C ). The potentiated responses slowly decreased, but throughout the recording period, the cells maintained significantly potentiated responses for Ͼ1 h (126.90 Ϯ 5.69%, n ϭ 7 in LTP versus 90.35 Ϯ 3.97%, n ϭ 6 in control, ***p ϭ 0.00017; Fig. 1C) .
We also analyzed the fiber volley amplitudes in each experimental case to normalize the electrical stimulation and to rule out the effects of any dying axons or hyperactivated axonal signals. Throughout the recording, the fiber volley amplitudes were kept as the basal values (not exceeding 10% of the basal range (Fig.  1 D) . In addition, the expression levels of the immediate early genes known to be induced by LTP, such as c-fos and cpg-15, were significantly increased by the LTP induction (data not shown).
Next, miRNA microarray screening was performed to investigate the changes in the miRNA expression profile during LTP induction. From the 287 screened miRNAs in the array chip containing two sets of independent experiments [each set consisted of control, LTP (0.5 h), LTP (1 h) and LTP (2 h)], we found that five miRNAs were significantly altered when assessed by microarray analysis (the cutoff value of upregulation or downregulation was 1.5-fold; Fig. 1 E) . We confirmed the results from the microRNA microarray analysis by performing qRT-PCR. miR-188 showed a steep increase at 1 h after LTP induction (LTP (1 h), 1.7510 Ϯ 0.3045-fold, n ϭ 3 compared with the control (1 h); *p ϭ 0.045781; Fig. 1 physiological or chemical methods, the level of synaptic potentiation was obscured (Fonseca et al., 2006a) .
Hippocampal slice cultures should contain neurons as well as glial cells (Yokose et al., 2011) . To determine which cell type was producing the miR-188, we investigated the expression of miR-188 in primary hippocampal neurons, astrocytes and microglia by qRT-PCR. As shown in Figure 1G , miR-188 was expressed approximately fourfold to fivefold more in primary neurons, compared with astrocytes and microglia. miR-188 decreases Nrp-2 protein levels, but not Nrp-2 mRNA levels By using different miRNA-target prediction algorithms, including MicroCosm, we predicted a list of target genes for miR-188. Based on this list of target genes, we focused on Nrp-2 as a molecular target for miR-188. The qRT-PCR results showed that the mRNA level of Nrp-2 was not significantly altered at any time point (Fig. 2 A) , but the Nrp-2 protein level was significantly decreased 2 h after LTP induction in rat hippocampal slices (0.3500 Ϯ 0.0740, n ϭ 3; normalized value compared with the control; ***p ϭ 0.000679; Fig. 2 B, C) . We examined the protein levels of ephrin A1, another possible target for miR-188. However, there were no significant changes in the ephrin A1 protein levels at any time point following LTP induction (data not shown).
Through the bioinformatics matching analysis, we predicted that the seed sequence of miR-188 (2-8 nt) binds to the conserved binding site, 5Ј-AGGGGAU-3Ј (positions 176 -182 of the rat 3Ј-UTR) on the 3Ј-UTR of the Nrp-2 mRNA and affects Nrp-2 protein translation (Fig. 3A) . A luciferase activity assay was performed 48 h after cotransfecting pMIR-Luc-3Ј-UTR constructs containing either the target binding sequence of miR-188 in the wt 3Ј-UTR of the Nrp-2 mRNA or a mutant sequence containing the sequence (5Ј-AGGCCAU-3Ј) in the miR-188 binding site, together with 40 or 80 nM miR-188 or miR-SC oligonucleotides, in HEK 293 cells. The relative luciferase activity was reduced in the cells cotransfected with the wt 3Ј-UTR of Nrp-2 plus miR-188 (76.2822 Ϯ 1.2642%, n ϭ 6, **p ϭ 0.003579), compared with the cells transfected only with the wt 3Ј-UTR of Nrp-2. However, in the cells cotransfected with the wt 3Ј-UTR of Nrp-2 plus miR-SC, no significant difference was observed compared with the cells transfected only with the wt 3Ј-UTR of Nrp-2 (109.9178 Ϯ 7.0928%, n ϭ 3, p ϭ 0.432768). In case of the mt 3Ј-UTR, cotransfection with either miR-188 or miR-SC did not affect the luciferase activity (Fig. 3B) . This result indicates that miR-188 specifically binds to the 3Ј-UTR of Nrp-2 and represses the translation of luciferase.
Based on this, we concluded that miR-188 binds directly to the 3Ј-UTR of the Nrp-2 mRNA and decreases the Nrp-2 protein level by translational repression (Fig. 2 A, B,C and Fig. 3B ).
miR-188 restores the Nrp-2-induced reduction in the dendritic spine density
The majority of the excitatory synapses in the mammalian CNS are formed on dendritic spines, and spine morphology and distribution are critical for synaptic transmission, synaptic integration and plasticity (Yuste and Bonhoeffer, 2001; Spruston, 2008) . A previous study showed that the knock-out of Nrp-2 induces an increase in the dendritic spine number and the mEPSC frequency, especially in dentate gyrus granule cells and cortical layer V (Tran et al., 2009) .
To examine the role of Nrp-2 and its regulation by miR-188 at the synapse, we transfected Nrp-2 cDNA that contained the 3Ј-UTR subcloned into IRES-mGFP alone or together with miR-188 (in IRES-DsRed2), miR-124 oligonucleotide, miR-SC oligonucleotide (Genolution Pharmaceuticals) into primary cultured hippocampal neurons at DIV 10 -12 and analyzed the number of dendritic spines at DIV 18 -20 (Fig. 4 A-F ). In addition, the number of dendritic spines in the neurons transfected with control vector plus 2Ј-O-Me-188-AS (IDT, CA) were also investigated (Fig. 4G) . First, we investigated the effects of 2Ј-O-Me-188-AS on Nrp-2 protein levels 24 h after transfecting 2Ј-O-Me-188-AS into primary cultured hippocampal neurons at DIV 13. The Nrp-2 protein level was found to be increased by treatment with 2Ј-OMe-188-AS (Fig. 4 I) , indicating that the translation of Nrp-2 is regulated by endogenous miR-188 in primary cultured hippocampal neurons. In addition, the protein level of Nrp-2 in cells cotransfected with miR-188 was found to be decreased compared with the level in cells transfected with Nrp-2 only, whereas there was no change observed when miR-SC was cotransfected with Nrp-2 (Fig. 4 J) .
Nrp-2 overexpression reduced the number of dendritic spines per 10 m of dendrites by a significant 51.4% (4.1708 Ϯ 0.2292, n ϭ 12, ***p ϭ 4.57 E12) compared with the mGFP-transfected control (8.1074 Ϯ 0.3505, n ϭ 9, Fig. 4 B, H ) . However, cotransfection with Nrp-2 plus miR-188 rescued the reduction in the number of dendritic spines induced by Nrp-2 (7.8778 Ϯ 0.33497, n ϭ 9, p ϭ 0.637684) compared with the control (8.1074 Ϯ 0.3505, n ϭ 9, Fig. 4C,H ) , indicating an important role for miR-188 in regulating dendritic spine density. We also confirmed that this reversal effect by miR-188 was specific by showing that cotransfection with miR-SC or miR-124 did not reverse the reduction in the number of dendritic spines induced by Nrp-2 (Fig.  4 D, E,H ) .
When miR-188 was transfected alone, a significant change in the dendritic spine density was not observed (8.6028 Ϯ 0.4247, n ϭ 6, p ϭ 0.364828) compared with the control (8.1074 Ϯ 0.3505, n ϭ 9, Fig. 4 F, H ). Although this result was somewhat inconsistent with our expectations, it is possible that endogenous miR-188 already plays a sufficiently large role in regulating Nrp-2 expression in hippocampal cultured neurons such that the addition of miR-188 does not affect the number of dendritic spines. In addition, it might be possible that the down-stream molecules of the Nrp-2 signaling pathway in dendritic spine formation, which have not been elucidated to date, are regulated by miR-188 or by other miRNAs (miR-338* and miR-29a*) found to be induced by LTP in our study. miR-188 rescues the Nrp-2-induced reduction in basal synaptic transmission Next, we recorded mEPSCs and analyzed the frequency and amplitude to investigate whether miR-188 plays a role in basal synaptic transmission. To investigate the relationship between Nrp-2 and miR-188 on mEPSCs, we used a dual whole-cell recording method in cultured hippocampal neurons to simultaneously record in transfected and nontransfected cells (Fig. 5A) . First, we analyzed the effects of Nrp-2 overexpression on basal synaptic transmission. The mEPSC frequency of Nrp-2 transfected cultured primary hippocampal neurons was significantly decreased (2.090 Ϯ 0.585 Hz, n ϭ 8, **p ϭ 0.014763; Fig. 5B ,C) compared with nontransfected hippocampal neurons nearby (4.462 Ϯ 0.471 Hz, n ϭ 8) whereas that of control vector transfected neurons showed no difference, compared with nontransfected neurons nearby (data not shown). However, cotransfection of miR-188 with Nrp-2 completely reversed the reduction in mEPSC frequency compared with nontransfected cells (transfected, 3.118 Ϯ 0.718 Hz vs nontransfected neurons, 3.788 Ϯ 1.055 Hz, p ϭ 0.608229), whereas cotransfection with miR-124 (which was used as a negative control), miR-SC or 2Ј-O-Me-188-AS, did not reverse the reduction in mEPSC frequency induced by Nrp-2 overexpression (Fig. 5B,C) .
However, the mEPSC amplitude was not significantly different among all the groups (Fig. 5D) . These results indicate that miR-188 modulates basal synaptic transmission by regulating Nrp-2. An increase or decrease in the number of spines is generally accompanied by a respective increase or decrease in mEPSCs frequency (but not amplitude; Hsia et al., 1998; Saglietti et al., 2007; Xie et al., 2007; Barbosa et al., 2008; Arikkath et al., 2009; HayashiTakagi et al., 2010) .
Discussion
The high abundance of miRNAs in the mammalian brain strongly suggests that miRNAs may represent important posttranscriptional regulators of gene expression by subtle but influential changes to the genetic programs that normally occur in neural cells (Kosik, 2006; Lau and Hudson, 2010; Benoit and Tenner, 2011) . One miRNA can target up to several hundred genes (Guo et al., 2010; Wang et al., 2010) to destabilize the mRNA transcripts that mediate complex cellular processes, such as development and plasticity, in a coordinated manner (Cohen et al., 2011) . It is also well known that miRNAs are able to regulate the expression of at least one-third of all human genes (Bartel and Chen, 2004; Shi et al., 2011) . Although miRNAs in the CNS have been studied extensively in recent years, the involvement of miRNAs in adult, neural processes, such as the fine regulation of gene expression that is essential for the adjustment of the cell and organism to the dynamic cellular and physiological conditions, is far less understood ( Nrp-2 is a target for miR-188. A, Left, the predicted hybridization of miRNAs (green) and the Nrp-2 (red) transcript using the RNAhybrid algorithm. The minimum free energy required for the hybridization is indicated. Right, a schematic diagram of rat Nrp-2 mRNA containing the predicted conserved target site of miR-188. B, HEK 293 cells were cotransfected with one of the following combinations using Lipofectamine 2000 (Invitrogen): (1) wild-type 3Ј-UTR of Nrp-2 in pMIR-REPORT (wt 3ЈUTR of Nrp-2) alone; (2) wt 3Ј-UTR of Nrp-2 plus 40 nM miR-188 oligonucleotide; (3) wt 3Ј-UTR of Nrp-2 plus 80 nM miR-188 oligonucleotide; (4) wt 3Ј-UTR of Nrp-2 plus miR-SC oligonucleotide; (5) mutant type 3Ј-UTR of Nrp-2 in pMIR-REPORT (mt 3Ј-UTR of Nrp-2) alone; (6) mt 3Ј-UTR of Nrp-2 plus 40 nM miR-188 oligonucleotide; (7) mt 3ЈUTR of Nrp-2 plus 80 nM miR-188 oligonucleotide; or (8) mt 3Ј-UTR of Nrp-2 plus miR-SC oligonucleotide. Luciferase activity assays were performed 48 h after transfection using the Luciferase Assay kit (Promega) and were measured with a Centro LB960 reader (Berthold Technologies). The ␤-galactosidase activity was measured to normalize the luciferase activity. The relative luciferase activity was reduced in the cells cotransfected with the wt 3Ј-UTR of Nrp-2 plus miR-188 (76.2822 Ϯ 1.2642%, n ϭ 6, **p ϭ 0.003579), compared with the cells transfected only with the wt 3Ј-UTR of Nrp-2. However, in the cells cotransfected with wt 3Ј-UTR of Nrp-2 plus miR-SC, no significant difference was observed compared with the cells transfected only with the wt 3Ј-UTR of Nrp-2. The statistical analysis was performed using a nonparametric Mann-Whitney for wt 3Ј-UTR of Nrp-2 and independent t test for mt 3Ј-UTR of Nrp-2, respectively; the data are represented by the mean Ϯ SEM, respectively. genesis of neurodegenerative diseases such as Alzheimer's and Parkinson's diseases (Cogswell et al., 2008; Saba and Schratt, 2010) .
In this study, we found that miR-188 expression was upregulated by LTP induction, and that it plays an important role in dendritic spine formation and synaptic transmission by specifically regulating the expression of Nrp-2. The 3Ј-UTR of Nrp-2 has possible binding sites for 29 miRNAs when predicted with MicroCosm bioinformatic program. Among the 29 miRNAs, , and miR-9 are known to be expressed in the hippocampus. However, none of the 7 miRNAs described above showed significant changes in expression after LTP induction in our results with miRNA microarray analysis.
We confirmed that miR-188 expression was increased 1 h after LTP induction by performing qRT-PCR (Fig. 1 F) and that Nrp-2 is a target for miR-188 by luciferase activity assay (Fig. 3) . miR-188 expression was detected to be increased 1 h after LTP induction and a significant reduction in Nrp-2 was observed 2 h after LTP induction. This time difference is thought to occur because a certain amount of time is required for miR-188 to repress Nrp-2 translation.
Nrp-2 is a receptor for Sema-3F, which is a negative regulator of spine development and synaptic structure. Nrp-2 and Sema-3F are expressed during synaptogenesis in the hippocampus at postnatal day (P)21. The Nrp-2 intracellular domain contains a C-terminal PDZ ligand motif that may be critical for Nrp-2/ plexinA3 localization and Sema-3F/Nrp-2-mediated regulation of spine morphology and synapse structure (Tran et al., 2009) . Nrp-2 is enriched in the dentate gyrus molecular layer, where the dendrites of the granule cells reside. Sema-3F is strongly expressed in the hilus, along the projection pathways of both the supra and intrapyramidal axons and the entorhinal cortex axons that innervate the dentate gyrus molecular layer. Therefore, Sema-3F and Nrp-2 are expressed in patterns consistent with the hypothesis that these proteins direct postnatal hippocampal neural circuit formation (Tran et al., 2009 The dendritic segment outlined with a white box (upper) is magnified to delineate spine morphology (bottom). Scale bars: 20 m (low-scaled images), 5 m (magnified images). H, A quantification of the spine density (40 -80 m of secondary dendritic spines from soma) in DIV 18 -20 after transfection into cultured primary hippocampal neurons at DIV 10 -12. Nrp-2 overexpression reduced the number of dendritic spines per 10 m of dendrites by a significant 51.4% (4.1708 Ϯ 0.2292, n ϭ 12, ***p ϭ 4.58 E12) compared with the mGFP-transfected control (8.1074 Ϯ 0.3505, n ϭ 9). Cotransfection with Nrp-2 plus miR-188 reversed the reduction in the number of dendritic spines induced by Nrp-2 (7.8778 Ϯ 0.33497, n ϭ 9, p ϭ 0.637684) compared with the control (8.1074 Ϯ 0.3505, n ϭ 9). However, cotransfection with miR-SC or miR-124 did not reverse the reduction in the number of dendritic spines induced by Nrp-2. The statistical analysis was performed by a one-way ANOVA with least significant difference (LSD) post hoc test; the data are represented by the means Ϯ SEM. I, The Nrp-2 protein level was assessed by Western blotting after 2Ј-O-Me-188-AS (50 and 100 nM) treatment for 24 h in primary hippocampal neurons. The blot is the representative of the two independent experiments. The intensities of the bands were measured relative to the amount of GAPDH in each sample. The relative densitometric value versus the vehicle-treated group is marked in numbers. J, The Nrp-2 protein level was assessed by Western blotting after transfection with Nrp-2 cDNA alone, or with Nrp-2 plus miR-188 or miR-SC or miR-188 alone in primary cultured hippocampal neurons. The blot is the representative of the three independent experiments. The intensity of the bands was measured relative to the amount of GAPDH in each sample. The relative densitometric value versus the mGFP control group is shown in graph.
The VEGF family is involved in the formation of new blood vessels in both malignant and nonmalignant conditions, by binding with the Nrp-1 or -2 receptor in endothelial cells (Chen et al., 2005) . However, the function of VEGF through these receptors in the CNS has not been defined, yet. Recently, it was reported that treatment with fluoxetine, an antidepressant, induces VEGF expression in the brain and that this effect is related to antidepressant behaviors. VEGF was reported to be implicated in hippocampal neurogenesis in the rodent brain (GluzmanPoltorak et al., 2001; Lee et al., 2009 ). However, its exact mechanisms or action during LTP remains to be clarified. Nrp-2 may exert an effect on synaptic plasticity through other ligands such as VEGF together with Sema-3F.
Mice with null mutations in the genes encoding Sema-3F and its holoreceptor Nrp-2 exhibit increased spine number and size in the dentate gyrus granule cells and the cortical layer V pyramidal neurons as well as aberrant spine distribution. In contrast, a distinct Sema-3A-Nrp-1/PlexA4 signaling cascade controls the basal dendritic arborization in the layer V cortical neurons but does not influence spine morphogenesis or distribution (Tran et al., 2009). During brain development, the growth cones of axons navigate toward their target fields, where synapses are formed with the appropriate postsynaptic partners. It is becoming clear that pathfinding by most axons is dependent on a complex combination of secreted and membrane-bound cone attractants and repellents (Shimakawa et al., 2002) . Axons are guided by both positive and negative cues that they encounter as they find their way to their targets (Naska et al., 2010) .
A recent report demonstrated that neuron-glial-related-cell adhesion molecule formed a molecular complex with Nrp-2 and that the formation of this complex was required for growth cone collapse in response to Sema-3F in thalamic neuron cultures (Demyanenko et al., 2011) .
In addition to the initially identified roles of miRNAs in development and cellular identity, more recently, their roles in neurodegenerative diseases have been appreciated (Hébert and De Strooper, 2009 , Schonrock et al., 2011 , Wang et al., 2010 . In our unpublished experiments, miR-188 expression was found to be significantly diminished in hippocampi and cerebral cortices from AD patients, suggesting that the dendritic spine alterations observed in AD are at least in part due to the deregulation of miR-188 expression and the subsequent lack of homeostatic control of the target molecules.
In this study, we found that the overexpression of miR-188 reversed the Nrp-2-induced reduction in dendritic spine density in cultured primary hippocampal neurons (Fig. 4) . In addition, the mEPSC frequency of Nrp-2-transfected cultured primary hippocampal neurons was significantly decreased, in comparison with nontransfected neurons nearby. However, the overexpression of miR-188 reversed the decreased frequency of mEPSCs observed in Nrp-2-transfected hippocampal neurons. In contrast, the mEPSC amplitude showed no significant difference among all of the groups (Fig. 5) . The finding that the mEPSC frequency was decreased by Nrp-2 overexpression without effects on mEPSC amplitude supports the morphological findings that Nrp-2 decreases synaptic spine density but that miR-188 reverses this decrease. These results indicate that miR-188 regulates basal synaptic transmission by suppressing Nrp-2 expression.
In conclusion, our study provides additional evidence that LTP induction causes time-dependent changes in miRNA expression, suggesting the involvement of these molecules in the cellular response to LTP.
